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A method for fabricating, modifying or repairing of single crystal or di- 

rectionally solidified articles 

FIELD OF THE INVENTION 

The invention relates to a method for fabricating, modifying or repairing of 
single crystal (SX) or directionally solidified (DS) articles according to the 
claim 1 . 

BACKGROUND OF THE INVENTION 

In the last years laser metal forming (LMF) has been introduced in industrial 
manufacturing. Laser metal forming is a process where a high power laser 
locally melts a focussed stream of metal powder or a metal wire onto a sub- 
strate. In this way material can be added to the underlying part. The method is 
suitable for controlled material build-up and the laser generated parts are 
characterised by a dense microstructure which is usually free of pores. 
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Laser metal forming has been recently used for commercial manufacturing of 
superalloys due to its attractive potential for repair of locally damaged or worn 
parts. Indeed, it is possible to selectively add material at desired locations and 
to re-establish the full functionality of a component. It is clear that laser repair 
technology is particularly attractive for the refurbishment of expensive parts 
that are affected by local damage or local mechanical wear. Turbine blades 
and vanes are typical examples. 

However, the process is complicated when single-crystal components have to 
be refurbished. Single crystal blades and vanes can be found in the most 
heavily loaded rows of modern gas turbines (first or high pressure row). Their 
mechanical integrity relies on the particular properties due to single-crystal 
microstructure and the absence of grain boundaries. Reconditioning of such 
components is only feasible if the single crystal microstructure can be main- 
tained during the repair process. 

So far, several patents have been issued for the laser metal forming process. 
The basic principle is described in EP-A1-0 558 870, DE-C1-199 49 972, US- 
A-5,873,960, US-A-5,622,638 or US-A-4,323,756. During laser metal forming 
substrate material is locally molten and powder (or wire) is injected into the 
melt pool with a suitable powder (or wire) feeder mechanism. After a certain 
interaction time (which is determined by the laser spot size and the relative 
movement between laser and substrate) the molten material resolidifies lead- 
ing to material build-up on the substrate. The process carries the particular 
advantage that, being numerically controlled, new design can be created 
offline and subsequent relatively quickly realised as prototype components. 
Processing occurs on a. part-by-part basis, which, in great contrast to casting 
technology, ultimately gives the possibilities of reducing the batch size to just 
one component. A range of materials may be deposited by the same process 
so that specialised oxidation, wear or corrosion resistant regions may be 
formed as different parts of a functionally graded component. However, there 
are serious limitations, which limit the applicability of this othenwise useful 
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process. Firstly, control over the deposited material, though thoroughly ade- 
quate for predominantly surface-based operations, is difficult to maintain as 
deposits become large and extensive. A second barrier to the metal forming of 
large monoliths is simply that the mass deposition rates, currently available in 
the art of epitaxial laser metal forming, would make the formulation of such 
artefacts an extremely time consuming operation. The fabrication of a large 
component would therefore best be achieved by commencing with a basic 
single crystal preform or blank, and modifying its shape by way of controlled 
addition of SX material. Thirdly, the powder stream may not be directed in all 
places it would be desired, because the proximity of the edges of other parts 
of the component obstruct the gas/power stream and make the process envi- 
able. Such a feature, in which it is impossible to conduct epitaxial laser metal- 
forming is e.g. a large gap or crack. This limits the usefullness of the process 
in certain repair and modification operations. 

On the other hand other methods are generally known for repairing high tem- 
perature superalloys: US-A-5, 732,467 discloses a method of repairing cracks 
on the outermost surface of an article having a directionally oriented micro- 
structure and a superalloy composition. The repairing is done by coating the 
cleaned crack surface with a material featuring the same material composition 
as said article. Thereby the coated crack surface is subjected to an elevated 
temperature and isostatic pressure over a period of time sufficient to repair the 
crack surface without changing the crystalline microstructure of the parent 
article. 

In addition, a number of alternative methods of brazing for repairing cracks or 
gaps are known. US-A-5, 666, 643 discloses a braze material for repairing an 
article, in particular components made from a cobalt and a nickel-base super- 
alloy, such as gas turbine engine parts. The braze material is composed of 
particles featuring a high melting temperature which are distributed within the 
a braze alloy. These particles could be of single crystal, directionally solidified, 
or equiaxed microstructure. But, even if particles featuring a single crystal 
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structure are used, the structure of the repaired crack as a whole due to the 
braze alloy differs with respect to material properties from the single-crystal 
structure of the base material which leads to weakness problems of the 
brazed joint. This is especially valid for cracks located at stress concentra- 
tions. 

The same problem occurs with the repair methods disclosed in US-A- 
4,381,944 or US-A-5,437,737 where a braze alloy and a filler material are 
used at the same time to increase the strength of the brazed joint. Another 
method of repairing sintering is disclosed in US-A-5,1 56,321 , 

SUMMARY OF THE INVENTION 

It is the aim of the present invention is to provide an advanced method for the 
repair, modification and small batch manufacture of single crystal components 
such as those used in gas turbine engines. 

According to claim 1 a method was found for fabricating, modifying or repair- 
ing of single crystal (SX) or directionally solidified (DS) articles 1 by using an 
isothermal brazing operation that maintains the SX or DS nature of the article 
and the subsequent step of applying an epitaxial or non-epitaxial layer on the 
surface of the article and of the braze joint using a laser metal forming proc- 
ess. 

According to the present invention, it is proposed that single crystal isothermal 
brazing be employed for replacing significant or deep portions of a blade un- 
dergoing repair or modification or for creating a standard blank blade from 
machined sections in the case of rapid prototyping. Isothermal brazing is a 
proven process for the joining of parts while maintaining their single crystal 
character. Because the composition of the brazed joint is near or identical to 
the substrate composition, a melting process such as epitaxial or non-epitaxial 
laser metal-forming can be successfully used on top of a brazed joint with no 
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ill effects. In that way a coating layer can be applied. Quality of the joints, in 
terms of its single crystal character, is also better than attempted single crystal 
welded junctions. 

Components may be fabricated, modified or repaired by an isothermal brazing 
process, but only up to the limit of the feasibility of cutting, machining and 
brazing inserts or strips from single crystal stock material having the same 
orientation as the component. Beyond this feasibility, when brazed modifica- 
tion/repair would involve unreasonably complex insert design and costly, one- 
off machining to achieve the necessary tight braze-gap tolerances, epitaxial 
laser metal-forming is a preferable method for the controlled build-up of isingle 
crystal material. 

Epitaxial laser metal-forming is also a suitable method for the deposition of 
additional single crystal material to create a finished repair on a variously 
shaped, worn component or to add an offline-designed surface section to a 
rapid prototype component. The laser metal forming step can include the 
deposition of materials having specialised properties, which can be varied 
according to the requirements of certain regions of the component. 

With the online monitoring system and using automatic feedback control of at 
least one process parameter such as laser power it is possible to establish 
and maintain optimum process conditions during the laser metal-forming pro- 
cess. In this favourable case the columnar to equiaxed transition (GET) and 
melt pool convection are avoided and a temperature field is created in the 
melt pool which leads to defect-free, epitaxial growth of the deposited mate- 
rial. Thus, it is possible to add new material without creation of grain bounda- 
ries. Beside the laser power process parameters like the relative speed be- 
tween laser beam and the substrate, the carrier gas flow and mass feed rate 
of added material can be controlled. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention are illustrated in the accompanying 
drawings, in which 

Fig. 1 illustrates a gas turbine blade, 

Fig. 2 illustrates a schematic situation in which epitaxial laser metal- 

forming may not be used to fill the gap, 

Fig. 3 shows the dependence of isothermal solidification time T on the 

gap width G of the braze metal region, 

Fig. 4a, b shows a schematic melting point profile in the direction across a 
brazed joint before (Fig, 4a) and after (Fig, 4b) the brazing op- 
eration, 

Fig. 5 illustrates an apparatus for carrying out the invention the present 

invention and 

Fig, 6 illustrates an overall control system for carrying out the inven- 

tion. 

The drawings show only the parts important for the invention. Same elements 
will be numbered in the same way in different drawings. 

DETAILED DESCRIPTION OF THE INVENTION 

Fig. 1 shows a single crystal (SX) or directionally solidified (OS) article 1 such 
as blades or vanes of gas turbine engines, the gas turbine blade comprising a 
root portion 2, a platform 3 and a blade 4 and having a surface 5. The article 1 
can as an example be made from a nickel or cobalt based super alloy. In- 
vestment casting methods for producing such SX or DS articles are known 
e.g. from the prior art US-A-4,96,501 , US-A-3,690,367 or EP-A1-0 749 790. 
These articles 1 are normally made from a nickel or cobalt base super alloy. 
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The herein disclosed method can be used for fabricating, modifying or repair- 
ing of such single crystal (SX) or directionally solidified (DS) articles 1. 
Thereby in a first step of the inventive method two single crystal (SX) or direc- 
tionally solidified (DS) prefabricated parts are joint together by using an iso- 
thermal brazing operation with a brazing material. According to Fig. 2 where a 
gap 20 or crack of the surface 5 of gas turbine articles 1 are brazed there can 
be a need of a brazing insert 21 , not shown in Fig. 2. If only a narrow crack is 
repaired, there will be no need for a brazing insert.. This brazing insert 21 can 
be prepared from the roots of scrap or decommissioned blades. Care has to 
be taken to match the crystallographic orientation of mating parts to with de- 
sired specification, which has commonly been an angle below 6- misorienta- 
tion, thereby creating a low angle grain boundary between mating parts, which 
is in any case present between dendrites. Fit-up tolerances must be suffi- 
ciently low to ensure gaps are not more than 120M.m as shown in Fig. 3, the 
time required for diffusion-driven isothermal solidification is dependent on the 
gap width. Wide gaps 20 require prohibitively long heat treatment cycles. 

The braze material used is composed of a highly similar composition to the 
base material, yet with the addition of approximately 2 wt.-% boron, which 
acts as melting point suppressor of the alloy. During heating the braze mate- 
rial melts at a temperature of approximately 11 00^, which is insufficient to 
cause any incipient melting of the base material of the article 1 . The brazing is 
done under a preferable and suitably controlled atmosphere, which is in most 
cases vacuum. During the holding time, boron, being a small and diffusively 
mobile atom, diffuses from the braze material into the base material. The 
depletion of boron concentration and associated rise of the local melting point 
of the braze material causes two epitaxial, planar solidification fronts of the y- 
nickel phase to converge towards the center of the brazed gap 20. Their prog- 
ress being controlled by falling boron concentration gradients across the gap 
width. Upon controlled cooling, y' precipitates into the yiriatrix forming a 
brazed junction effectively identical to the base material. Following the heat 
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treatment, the boron is found to be stable in the base material as MsBa-type 
borides: M being commonly Cr, W or Ni. 

Before applying the method of isothermal brazing as described the surface of 
the crack or gap may be cleaned frorn oxides by a Flour-Ion-Cleaning (FIC) 
process, which is widely known in state of the art. The FIC process removes 
the stable AI2O3 oxides and depletes Al from the surface, thereby improving 
the braze flow and the repair of the cracked components. The process sub- 
jects the oxidized (and sulphidized) components to a highly reducing gaseous 
atmosphere ot hydrogen and hydrogen fluoride at high temperatures, which 
may vary from SOO'C to lOOO'C. Such FIC-processes are disclosed, for ex- 
ample, in EP-B1 -34041, US-4, 1 88,237, US-5,728,227 or in US-5,071 ,486. 

As seen in Fig. 4a, b, the principal advantage of the isothermal brazing proc- 
ess and the particular feature, which enables the combination of the proc- 
esses described in this patent, is that after treatment the melting point across 
the brazed region is the same as that of the base material (Fig. 4b). For com- 
parison Fig. 4a shows the same profile before the brazing operation. There- 
fore the presence of the joint does not affect any subsequent fusion process 
carried out on the same component. Brazed regions can effectively be ignored 
at this stage because they are sufficiently similar to the base material, in both 
melting point and crystallographic orientation as to have no influence on the 
subsequent metal-forming process. 

After the brazing step, an epitaxial or nonepitaxial laser metal-forming is per- 
formed on the surface of the article and the created braze joint. Epitaxial or 
non-epitaxial laser metal-forming uses a continuous wave laser to create a 
moving melt pool on the surface of a single crystal metal substrate. High 
power lasers such as CO2, (fibre coupled) Nd-YAG or (fibre coupled) high 
power diode lasers offer a particularly attractive choice as energy source. 
Laser radiation can be focussed to small spots and can be easily modulated 
which allows precise control of the energy input Into the material. 
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Fig. 5 shows as an example an apparatus for controlled laser nnetal forming 
on the surface 5 of the article 1 according to the present invention. A laser 
beam 6 is moved over the surface 5 of the article 1 (or the article 1 is moved 
relative to the laser beam) thereby locally melting the surface 5 to form a melt 
pool 7. For coating or other laser metal forming applications material in the 
form of jet of powder 8 with a carrier gas 9 by means of a feeder 10 with a 
nozzle 10a or a wire is added to the melt pool 7. From the melt pool 7 an 
optical signal 13 is continuously captured and used for the determination of 
the temperature, the temperature fluctuations and existing temperature gradi- 
ents as properties of the melt pool 7. With the present coating method a multi- 
ple or layered coating 12 can be applied. The process parameter can then be 
altered for different layers of the coating 12 or for different parts of the same 
layer of the coating 12. The present method also facilitates the coating of 
three dimensional (3D) objects. In one embodiment as seen in Fig. 2 the pow- 
der 8 injection can be concentric with respect to the cone of captured optical 
signals 13 from the melt pool 7. It is possible to mix a multiple powder compo- 
sitions and supply the mixture concurrently to the melt pool 7 via nozzle 10a. 

As seen from the Fig. 6, the information of the optical signal 13 is used in a 
feedback circuit within a control system 16 to adjust process parameter such 
as the laser power by means of a controller 1 9, the relative speed between 
the laser beam 6 and the substrate, the flow rate of the carrier gas 9, the 
mass feed rate of the injected powder 8, the distance between the nozzle 10a 
and the article 1 and the angle of the nozzle 1 0a to the article 1 by means of a 
controller 18 in a way that desired melt pool 7 properties are obtained. Subse- 
quently the melt pool 7 solidifies as an applied layer 12 as seen in Fig, 5. 

The method uses a combination of a concentric feeder 10, a fiber coupled 
laser and an on-line monitoring system with real time capability. With the help 
of the online monitoring system optimum process conditions are established 
and maintained where the columnar to equiaxed transition (GET) and melt 
pool convection are avoided. Hence, defect-free, epitaxial growth of the de- 
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posited material is observed. It is thus possible to add new material without 
creation of grain boundaries. 

The new method combines laser power delivery, material supply and process 
monitoring in a dedicated laser/powder head as shown in Fig. 5. With the help 
of a dichroitic mirror 14 infrared (IR) radiation from the melt pool 7 is collected 
through the same optics which is used for laser focussing. The dichroitic mir- 
ror 14 transmits laser light and reflects process light of the optical signal 13 or 
vice versa. 

The optical signal 13 from the melt pool 7 is coupled to a pyrometer 15 or 
another fiber-coupled detector which allows the online determination of the 
melt pool temperature. For this purpose the optical properties of the monitor- 
ing system are chosen such that the measurement spot is smaller than the 
melt pool and located at the center of the melt pool 7. 

The cone of captured optical signals 13 from the melt pool 7 can be concentric 
with respect to the laser focussing cone. The symmetry of this arrangement 
ensures that laser-powder interaction does not change during movements on 
complex shaped components. This leads to consistent high quality of the 
process. 

Fig. 6 shows the overall control system 16 for carrying out the invention. Be- 
sides a main process control 16 a controller 18 for controlling the feeder 10 
and the whole apparatus and a controller 19 for controlling the laser is pro- 
vided. The temperature information is used for the adjustment of process 
parameters such as the laser power, the relative speed between the laser 
beam 6 and the article 1 , the feed rate of the injected powder 8 with the carrier 
gas 9 or an injected wire, the distance between the nozzle 10a and the article 
1 and the angle of the nozzle 10a to the article 1. This automatic feed-back 
control of the laser power by means of the controller 19 allows to establish a 
temperature field which is favourable for obtaining a desired microstructure. 
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REFERENCE NUMBERS 

1 Article, e.g. blades or vanes for gas turbines 

2 Root portion 

3 Platform 

4 Blade 

5 Surface of article 1 

6 Laser beam 

7 Melt pool 

8 Powder 

9 Carrier gas 

10 Feeder 

1 1 Direction of movement 

12 Layer of solidified material, Coating 

13 Optical signal 

14 Dichroitic mirror 

15 Pyrometer 

1 6 Control system 

17 Main process control 

1 8 Controller for feeder 9 

1 9 Controller for laser 

20 Gap 

21 Brazing insert 

22 Braze joint 

G Gap width [|Lim] 

T Solidification time [h] 



